The paper describes methods of loading threephase induction motors, without the need to connect a load to the machine's drive shajl. Three metho& are &scribed and compared. One method uses microprocessor controlled power electronics to replace the electrical machines of the existing dual frequency equivalent load technique. The second method uses microprocessor controlled power electronics to rapidly modulate the machine's supply frequency. The third method uses microprocessor controlled power electronics to produce a rotating magnetic field which rotates at constant speed but with sinusoidally varying magnitude. The third method is shown to be superior in that the oscillating torque during the test is substantially reduced without affecting the accuracy of the temperature rise results.
Introduction
Whether it be to establish that the insulation system of an induction motor is adequate for its intended use, or that the machine is suitable for application in a potentially explosive atmosphere, temperature rise assessment under full load conditions is of major importance. The conventional method of carrying out the necessary temperature rise test is to apply full load torque to the machine's drive shaft. To load a large machine, equally large test equipment or a duplicate machine is required.
The cost of setting up such a test facility, maintaining the equipment, and the time and setting up procedure for mechanically coupling the load machine, may make full load temperature tests prohibitively expensive. Vertically mounted motors are even more difficult to test because of the difficulty of finding suitable vertical loads. Clearly a method of establishing the rated temperature rise that does not require mechanically coupling a load is extremely useful. agreement with conventional loading, requires the use of two equally rated machines and requires up to 12 leads to be brought out of the machine under test. According to Kron [2] , as long ago as 1921, Yetterberg proposed connecting two voltage supplies of different frequencies in series with an induction motor to achieve synthetic loading; this technique is now generally known as the dual frequency (DF) method.
Schwenk [3] reported that his company, Westinghouse Electric Corporation, has used the DF method of equivalent loading for several years. The DF method has also been incorporated in the Japanese Test Code for Induction Motors [4] . The method used by Schwenk has the disadvantage that it requires two motor-generator (MG) sets to provide the DF supply and the secondary (i.e. lower frequency) power source must have all six leads brought out. A variation on this procedure requires only three leads to be brought out of the secondary source, but requires the additional use of an isolating transformer. In both cases an MG set is used to provide the main supply. The need for heavy equipment in a large test area and the complexity of the set up and operation procedure may make this scheme somewhat expensive. Furthermore, the MG sets are relatively expensive and need to be rated to cover the whole range of motors to be tested. This paper describes methods of loading threephase induction motors, using microprocessor controlled power electronic techniques and without the need to connect a load to the machine's drive shaft.
Dual frequency method
The essence of the DF method is to produce a supply containing two distinct frequencies; this has the effect of producing two fields rotating at different speeds. If all quantities are represented as per unit values, for sinusoidal voltages the flux can be set equal to the supply voltage divided by the frequency. With two voltages in series, the total flux is the sum of two flux waves of different magnitude and frequency. Figure 1 shows these vectors rotating at different angular velocities. Schwenk [3] analyzes these two rotating vectors and shows that the magnitude and angular velocity of the resultant flux waves, are given by: This method, which currently requires a system of electrical machines to generate the two frequencies, can be very conveniently implemented using microprocessor controlled power electronics to generate the necessary voltages and frequencies for the two supplies.
Standard production PWM inverters use hardwired logic to produce a fixed modulation pattern, or a series of patterns over the frequency range. They achieve a single frequency sine voltage output plus switching harmonics. A microprocessor may be used to generate the necessary logical control for a PWM inverter. A simple block diagram of the system layout is shown in Fig. 2. . .
Fig. 2 Simple block diagram of system layout
The microprocessor calculates the pulse widths to control the output in real time by sine table lookups and multiplication. This system is not constrained by hard wired logic. The software may be changed to produce output waveforms other than simple sine functions.
A simple modulator calculates V,sin(ot) for modulation, where V, and 0 are variable. If dual frequency output is required then it is simply necessary to calculate V, sin (on r) + Vb sin (a r)
where on and oa are the required angular frequencies and V, and Vb are the amplitudes. These calculations must be done in real time, which has recently become possible with microprocessor technology.
To implement the proposed methods described above, in the laboratory, the output stage of a standard 11 kW transistor inverter was interfaced with a Motorola 6809 microprocessor. Special control logic was designed around this microprocessor and programmable timers to produce the special inverter output required.
The machine used in this investigation was a 4 15 V (A), 50 Hz, 7.5 kW, 4-pole, 13.8 A, TEFC induction motor with a die-cast aluminium cage rotor. Initially for comparative purposes, the stator and rotor temperature rises of the machine were measured using a conventional load(CL) in the form of a generator and a 50 Hz inverter supply. The stator winding temperature was measured by the change in resistance method. To measure the temperature of the stator core two thermocouples were embedded at two different locations in the stator core. The rotor temperature was measured by placing a thermocouple probe into the rotor end ring, via a special hole drilled in the rotorend shield, immediately after the machine had stopped.
The generator was loaded until the induction motor full load current was drawn and the temperature of the machine was allowed to stabilise. The corresponding full load temperature rises were measured and are shown in Table 1. In the table, stator core 1 corresponds to the end of the slot on the fan side, at the bottom of the stator core and stator core 2 corresponds to the end of the slot on the shaft extension side, at the top of the stator core. CL 81.9"C 73.5"C 81.6"C
99.4"C
The generator load was disconnected from the induction motor's drive shaft and the microprocessor controlled inverter, in DF operating mode, was used to load the machine.
The two frequencies used for this test were 50 and 40 Hz. The magnitude of the 40 Hz component was adjusted to be 36% of the 50 Hz component, which gave the rated machine line current of 13.8 A. The current waveform during this test is shown in Fig. 3 .
Fig. 3 Stator current waveform
The corresponding stator and rotor temperature rises were measured and are included in Table 1 . These results (except for the rotor end ring) are close to, and slightly higher than, the results using a 50 Hz inverter supply with a conventional generator load.
The temperature rise measured for the rotor shows an increase of 6.8"C with the DF method compared with the conventional load method. The higher temperature rise of the rotor end ring is mainly due to increased skin effect with the DF supply, in which the frequency of the main rotor current component is 10 Hz for this particular test.
Consequently for applications where the rotor temperature is very important, such as Ex e and Ex N motors for hazardous atmospheres, it should be noted that the DF method results will always be higher than those from a conventional load test. The results will therefore always be on the safe side and thereby introduce an additional factor of safety which is often the case in the standards which specify the various methods of protection for electrical equipment in hazardous atmospheres.
The instantaneous currents shown in Fig. 3 and the various permutations of the dual frequency magnitudes and frequencies which produce the rated RMS currents can be calculated using a D, Q axis representation of the machine. The voltages applied to the D axis are as specified above and the voltages applied to the Q axis 90 degrees out of phase with these voltages. The differential equations for the various axis currents are then solved in the same way as for the conventionally supplied three-phase induction motor, only the supply voltages are different. The parameters of the induction motor were measured using the method of Grantham [5] , which also takes into account rotor parameter variations with frequency (ie skin effect).
Using these calculations the current waveform is shown in Fig. 4 and the various permutations of auxiliary frequency to give full load current are shown in Fig. 5 . Also included in Fig. 5 
Sweep frequency method
Another method of artificially increasing the motor current is to use a single supply frequency, but to rapidly modulate this frequency over a small range centred on the rated frequency. This causes alternating induction motor-generating action. This method is termed the sweep frequency (SF) method. Because it is not possible to produce the required change of frequency using electrical machines, this method necessitates the use of microprocessor controlled power electronics and the method is new. A pulse width modulated (PWM) inverter is ideal for this purpose.
The voltage equation for phase A is the standard expression for frequency modulation [6] i.e.
This voltage produces a flux wave which varies both in magnitude and angular velocity. Fig. 6 shows a typical measured current waveform for the SF method.
The corresponding temperature rise results are compared with those for the conventional load method in Table 2 . 
Constant speed method
The essence of the constant speed(CS) method is to produce a rotating magnetic field whose speed is constant, while its magnitude varies sinusoidally. This concept departs somewhat from the principles of synthetic loading using the DF and SF methods, in which the speed of the rotating magnetic field oscillates about the synchronous speed.
If it is assumed that the rotor winding is running at the same speed as the rotating magnetic field, the current in the rotor winding would be zero, provided that the magnitude of the rotating magnetic field is constant. This is because there is no changing flux linking the rotor winding. Now, if the magnitude of the rotating magnetic field varies sinusoidally with time, an EMF will be induced and therefore a current will flow in the rotor winding due to the changing flux magnitude seen by the rotor winding, i.e. d yldt #O. The direction of the EMF is such as to oppose the change of the flux linkage with the rotor winding.
An oscillating torque will therefore be produced due to the interaction of the rotor current and the resultant rotating magnetic field. This oscillating torque will accelerate and slow down the rotor of the test machine, causing the rotor speed to oscillate about the synchronous speed.
This method works in much the same way as a transformer in which the primary and secondary windings, although stationary, are magnetically coupled .by varying flux magnitude. The rotor rotates very close to synchronous speed, thus ensuring that an equivalent cooling condition close to that for conventional loading is achieved. Fig. 7 shows a typical measured current waveform for Fig. 6 Stator current waveform for SF method this methdd. The corresponding temperature rise results are compared with those for the conventional load method in Table 3 . Once again the temperature rise results are almost identical to those for the DF An auxiliary supply frequency of 40 Hz for the DF method and a sweep frequency of 10 Hz for the CS and SF methods were used in order to produce the same field oscillating frequency with each method. This ensures that all the torques will oscillate at the same frequency, i.e. the field oscillating frequency.
a CSmethod
The tests carried out for the DF, SF and CS methods show that measured temperature rises are all very close to each other and therefore each can be used to replace the conventional load test, with a 50 Hz inverter supply, as far as the temperature rise measurement is concerned. For other applications with mains sinusoidal supply, the temperature rise difference between the synthetic loading test and conventional load test will depend on the particular design of the motor and inverter, but in general the results using the three techruques described above will always be higher than for a mains sinusoidal supply.
a DFmethod
Figs. 8 a , b and c show the measured instantaneous torque waveforms for the CS, DF and SF methods, respectively. The instantaneous torque waveforms were measured using a DC excited drag-cup accelerometer [7] and the high frequency harmonics of the output from the accelerometer were removed by a low pass filter. a SF method From Figs. 8a to c it can be seen that with the CS method, the magnitude of the oscillating torque is substantially reduced when compared with the DF and SF methods.
Conclusions
Microprocessor controlled power electronic techniques can be used to produce the two supply frequencies of the existing dual frequency synthetic load method. The power electronic method obviates the need for separate MG sets and an isolating transformer.
Altemative methods of achieving synthetic loading are to directly vary the supply frequency about the rated frequency, and also to produce a constant speed of rotation but varying magnitude of magnetic field. This latter method is shown to be superior in that it produces less oscillating torque for full load current.
Measured temperature rises when using all three methods are in good agreement with those using the conventional load method with a 50 Hz inverter supply.
The methods introduced in this paper have particular importance in testing inverter-fed induction motors whose temperature rises are higher than those with sinusoidal supplies due to the time-harmonics in the inverter supplies.
The equipment associated with the new methods is simple to set up; it simply requires the connection of a three-phase inverter output to the machine's terminals. The equipment is simple to operate; changing the specification of voltage control parameters can be made, directly through a keyboard, to control the current to the motor; overload currents can be produced if desired.
The method requires no external load to be connected to the machine's drive shaft. Setting up time is considerably reduced, particularly for large machines, and vertically operated induction motors can be tested in the same way as horizontal ones.
The inverter draws only sufficient power for the mains to supply its own losses and the losses of the test machine, this power being small compared with the full load power of the machine under test. A single piece of test equipment can replace a number of large, heavy and expensive electrical machines, for the testing of a complete range of machine frame sizes.
The test method offers an integrated test apparatus for the first time; the conventional shaft load test and conventional synthetic loading test methods involve the use of a system of electrical machines.
The test equipment is light compared with altematives and requires less space; this offers an extra advantage in that machines to be tested may not need to be moved around in the factory. Instead, the test equipment can be mounted on a mobile trolley and sent to wherever the test machine is located.
Because of the reduced setting up time, ease of operation and low overall power absorption, it is envisaged that test costs with the new methods will be considerably reduced.
The microprocessor control can be interfaced with the output stage of standard commercial inverters, enabling inverter manufacturers to penetrate the motor test market. With hardly any additional cost, standard commercial speed control inverters can be modified to offer the extra features of the new test methods.
It is envisaged that the proposed synthetic loading techniques, for measuring temperature rise of induction motors, when used in conjunction with the author's rapid parameter determination method [5] will enable the realisation of a versatile machineless dynamometer where the only rotating part is the rotor of the machine under test.
